The axial resolution of photoacoustic microscopy (PAM) is much lower than its lateral resolution, which resolves down to the submicron level. Here we achieved so far the highest axial resolution of 7.6 µm by using a commercial 125 MHz ultrasonic transducer for signal detection, followed by the Wiener deconvolution for signal processing. The axial resolution was validated by imaging two layers of red ink in a wedge shape. Melanoma cells were imaged ex vivo with high axial resolution. Compared with a PAM system with a 50 MHz ultrasonic transducer, our high-axial-resolution PAM system resolved the blood vessels in mouse ears in vivo much more clearly in the depth direction.
INTRODUCTION
Photoacoustic microscopy has been demonstrated to image rich endogenous optical-absorption contrasts in vivo, including hemoglobin, melanin, DNA, RNA, cytochrome, myoglobin, bilirubin, water, and lipid.
[1]- [8] At proper wavelengths, any molecules can potentially be imaged by PAM. Moreover, the functional parameters associated with these biomolecules can be imaged by PAM, such as hemoglobin oxygen saturation, blood flow speed, and temperature variation. [9] - [11] With these unique advantages, label-free PAM is expected to join the mainstream optical microscopy technologies.
Spatial resolution is a key parameter of microscopy. For optical-resolution (OR-) PAM, the lateral resolution, provided by the optical focusing, has achieved the submicron level in both transmission and reflection modes. [12] , [13] The axial resolution, provided by the time-resolved ultrasonic detection, is limited by the ultrasonic transducer bandwidth [14] (approximately proportional to the central frequency). Since higher-frequency ultrasound attenuates faster in biological tissues, increasing the bandwidth for better axial resolution will decrease the maximum imaging depth. So far, ~15 µm axial resolution for depths up to 1.2 mm has been reported, [15] , [16] but the axial resolution still remains much lower than the lateral resolution in OR-PAM.
Here we achieved so far the highest 7.6 µm axial resolution for PAM by using a commercial 125 MHz ultrasonic transducer for signal detection and the Wiener deconvolution method for signal processing. The high axial resolution was experimentally validated. As two example applications, we implemented high-axial-resolution imaging of melanoma cells ex vivo and mouse ears in vivo. Fig. 1 shows the high axial resolution PAM system. The laser (NT242-SH, Ekspla) generated laser pulses with a wavelength of 532 nm, a pulse width of 5 ns, and a repetition rate of 1 KHz. The laser pulses were focused onto the sample by a 0.32 NA objective, providing ~0.8 µm lateral resolution. The excited photoacoustic waves from the sample were detected by an ultrasonic transducer (125 MHz central frequency, 100 MHz bandwidth; V2062, Olympus NDT) with a focusing acoustic lens (0.8 NA). The photoacoustic signals were digitized at 1 GS/s and processed by a computer. The sample was mechanically scanned in 2D to generate a 3D image.
MATERIALS AND METHODS
For each A-line signal, the envelope is normally extracted to convert the photoacoustic signal to a depth-resolved image. However, as shown in the literature, the axial (depth) resolution can be further improved by deconvolution methods. [13] The photoacoustic signal can be approximately modeled as the convolution of the system impulse response and the depth-resolved target function. Deconvolving the photoacoustic signal with the system impulse response helps to recover the target function. In other words, deconvolution recovers the attenuated frequency components of the signal and broadens the system bandwidth, thereby improving the axial resolution (limited by the signal-to-noise ratio). Here the Wiener deconvolution method [17] was used to further enhance the axial resolution. 
RESULTS AND DISCUSSION
We designed an experiment to quantitatively measure the axial resolution of the PAM system. The sample to be imaged is shown in Fig. 2(a) . The sample consists of two layers of red ink, one on the polymethylpentene (TPX) plastic (upper) and the other on the glass slide (lower). The two layers were placed in a wedge shape, providing continuously variable distance between the two layers. The top layer was smeared on the TPX plastic because the acoustic impedance of the TPX plastic is close to that of water. A B-scan image of the sample calculated is shown in Fig. 2(b) . The image was calculated by the deconvolution method to further improve the axial resolution. The contrast-to-noise ratio (CNR) versus the distance between the two layers was calculated. The axial resolution is defined as the distance with 6 dB CNR. It can be calculated that the axial resolution of the PAM system is 7.6 μm. Fig. 2(c) shows the profile across the B-scan image where the distance between the two layers is 7.6 μm.
We used the high-axial-resolution PAM system to image melanoma cells ex vivo. The cells were seeded onto a slide at a density of 30 mm -2 and fixed by formalin. The PAM image of a melanoma cell is rendered in 3D as a video (Video 3). The bright dots in the PAM images are melanosomes, the organelles containing melanin. The 3D structure of the cell was resolved in both lateral and axial directions. Note that here PAM generates a 3D image without depth scanning, which, however, is required in confocal microscopy and two photon microscopy. We analyzed ultrasonic tra surface laser safety limit o to further im may be quit frequency.
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CONCLUSIONS
An axial resolution of 7.6 µm, the finest thus far, has been achieved for PAM. The results were validated by phantom experiments, ex vivo cell imaging and in vivo mouse ear imaging. The improved axial resolution benefits PAM in highresolution 3D imaging.
The improvement of axial resolution was largely contributed by the deconvolution method. With higher SNR achieved by technology development, we expect to achieve an even better axial resolution. However, note that deconvolution should be applied to a linear and shift-invariant system. In PAM, the linearity holds well with low laser intensity while absorption saturation or nonlinear thermal expansion can be ignored. [20] The shift invariance holds accurately within the focal zone of the ultrasonic transducer.
